The default mode network supports a variety of mental operations such as semantic 22 42
processing, episodic memory retrieval, mental time travel and mind-wandering, yet 23 the commonalities between these functions remains unclear. One possibility is that 24 the default mode network supports cognition that is independent of the immediate 25 environment; alternatively or additionally, it might support higher-order conceptual 26
representations that draw together multiple features. We tested these accounts 27 using a novel paradigm that contrasted decisions based on perceptual and 28 conceptual features, while separately manipulating whether these decisions were 29 driven by features in the environment or recovered from memory. Task-based fMRI 30 identified regions that responded when stimulus independence and semantic 31 retrieval were combined: these included left and right angular gyri and left middle 32 temporal gyrus. Although these sites were within the default mode network, they 33 showed a stronger response to demanding memory judgements than to an easier 34 perceptual task, contrary to the view that they support automatic aspects of 35 cognition. In a subsequent analysis, we showed that these regions were located at 36 the extreme end of a macroscale gradient, which describes gradual transitions from 37 sensorimotor to transmodal cortex. This shift in the focus of neural activity towards 38 transmodal default mode regions might reflect isolation from specific sensory inputs, 39 both when decisions are guided by conceptual as opposed to perceptual features 40 and when cognitive states are generated in the absence of input. 41 cognition. 48
• These patterns reflect a shift in activity towards regions of transmodal cortex. 49
• Complex memory representations may emerge in cortical areas distant from 50 input. 51
Introduction 52
Although early studies characterized the default-mode network (DMN) as 53 "task negative", this network actively supports aspects of cognition (Spreng, 2012) , 54
including semantic processing (Binder, Desai, Graves, & Conant, 2009; Krieger-55 Redwood et al., 2016), episodic recollection (Rugg & Vilberg, 2013) , working memory 56 imagining the future or the past (Schacter & Addis, 2007) . Although we lack an over-61 arching account of a core function for the DMN, many of these situations involve 62 memory retrieval -i.e., a requirement to focus cognition on previously-encoded 63
knowledge, as opposed to information in the external environment. In line with this 64 account, many regions within or allied to the DMN are considered to be 65 heteromodal 'hubs' for memory-related processes, including the posterior cingulate 66 cortex (Leech, Braga, & Sharp, 2012; Leech & Sharp, 2014) , angular gyrus (Binder & Jefferies, & Lambon Ralph, 2010) . In addition, cognitive states that activate the DMN 71 tend to involve meaningful content that has personal relevance. 72
The current study was motivated by the hypothesis that there might be 73 common neurocognitive processes underpinning perceptually-decoupled and 74 conceptually-guided cognition in the DMN. During states of episodic recollection, we 75 recreate past experiences that involve places, objects and people not currently 76 present in the environment. Consequently, memory retrieval might necessitate a 77 process of decoupling from sensory-motor systems, allowing cognition to be 78 generated internally in a way that diverges from what is going on around us. These 79 perceptually-decoupled states might recruit brain regions whose neural 80 computations are functionally independent, or distant, from systems important for 81 perceiving and acting. This is consistent with the observation that the distributed 82 regions of the DMN are maximally distant from primary visual and motor cortex, 83 both in terms of their pattern of functional connectivity and in their geodesic 84 distance across the cortical surface (Margulies et al., 2016) . 85
In addition, DMN regions might support higher-order representations with 86 predictive value across multiple situations and modalities, which integrate features 87 from diverse sensory-motor regions. Contemporary accounts of semantic 88 representation envisage an interaction between unimodal brain regions that support 89 knowledge about specific features (e.g., knowledge that BANANAS are YELLOW and 90 CURVED in visual cortex) and heteromodal regions within or allied to the DMN, which 91 extract deeper similarity structures across these domains (i.e., allow us to 92 understand that BANANA and KIWI are conceptually related, despite salient differences 93 in colour, shape etc.). This view is also consistent with the observation that DMN lies 94 at the extreme end of a gradient from heteromodal to unimodal cortex (Margulies et 95 al., 2016) , since increasingly abstract and complex representations might be formed 96 at greater distances along the gradient, as the influence of specific features and 97 modalities is reduced (Buckner & Krienen, 2013; Margulies et al., 2016; Mesulam, 98 1998 In this study, we contrasted situations designed to maximise two potential 112 aspects of DMN function -i.e., sensory-motor decoupling and/or the need to focus 113 cognition on conceptual identity as opposed to simple perceptual features. Our 114 experiment builds on prior work by Konishi and colleagues (2015) , who showed DMN 115 6 activation when participants recalled the location of simple shapes (triangles, 116 squares and circles), rather than performing a perceptual match. Since the recall task 117 was more demanding, these results contradict the view that DMN only supports easy 118 or automatic aspects of cognition. The current study extended this paradigm by 119 varying the information to be encoded and retrieved. Participants made match-to-120 sample judgements based on a perceptual feature (colour) or conceptual categories. 121
We also manipulated whether these decisions were made when the relevant 122
information was on the screen (0-back) or when information had to be retrieved 123 from memory (1-back; see Figure 1 Our aim was to establish whether regions sensitive to perceptual decoupling 128 and conceptual retrieval lay within the DMN, and whether these effects were 129 located in overlapping or distinct regions. We also characterized the whole-brain 130 maps from these manipulations in terms of their position on the macro-scale 131 gradient from unimodal to heteromodal cortex described by Margulies et al. (2016) . 132
This allowed us to test the hypothesis that isolation from input is a critical feature 133 shared by cognitive states activating the DMN. of items were presented separated by a central line. In the colour conditions, these 152 were different coloured squares, while in the object conditions, these were familiar 153 and meaningful objects, taken from the same semantic category (i.e., different types 154 of cars, fruit, dogs; see Figure 1 ). Items were presented once with no repetition. The 155 contrast between object and colour conditions allowed us to investigate regions that 156 are important for the retrieval of conceptual information. The colour patches only 157 varied on one feature (their colour), while the objects were meaningful multi-158 featural concepts. In addition, the contrast of 0-back and 1-back conditions allowed 159 us to investigate the effect of stimulus-independent processing (1 back > 0 back). inter-stimulus interval (ISI; 3000-5000 ms) in which a fixation cross was presented. At 168 random intervals (4-8 trials), a third item was presented in the centre of the screen 169 and participants were asked to indicate the location of one of the pair (left or right) 170 that was most similar to this probe (see Figure 1 ). This paradigm also required 171 participants to match items that were present and compared this with items in 172 memory. In the 0-back catch-trials participants had to decide which stimulus (left or 173 right of the screen) was most similar to this centrally-presented probe (i.e., all items 174
were present on the screen). In the 1-back catch-trials, participants had to decide 175 which stimulus (left or right of the screen) had been most similar to this centrally-176 presented probe on the previous trial (i.e., the critical stimulus was absent). Blocks 177 consisted of 5 probes in total and lasted on average 64 s. All imaging data were pre-processed using a standard pipeline and analysed 192 via FMRIB Software Library (FSL Version 6.0). Images were skull-stripped using a 193 brain extraction tool [BET, (Smith, 2002) ]. The first five volumes (10s) of each scan 194 were removed to minimize the effects of magnetic saturation, and slice-timing Table 1 presents behavioural performance, in the form of response efficiency 246 (RT/ACC), for each of the four conditions of our task. These data were compared 247 using a 2 (task; 0-back vs. 1-back) by 2 (condition; object vs. colour) repeated-248 measures analysis of variance (ANOVA). There was no significant differences 249 between stimulus type (F(1,28) = 2.55, p = .116) but a significant main effect of task 250 (F(1,28) = 15.38, p < .001). There was no significant interaction (p > .05). These 251 analyses demonstrate that performance on the 1-back task was less efficient than 252 for the 0-back task but that object and colour conditions were well matched in terms 253 of overall task difficulty. 254 
256
We next generated statistical maps for describing patterns of neural activity 257 at the moments when participants responded in each of our four conditions. These integration between the DMN and the executive network in demanding memory 303 tasks, and at odds with the view that angular gyrus and lateral anterior temporal 304 cortex only contribute to automatic aspects of retrieval or to task-negative states. 305
We also conducted a supplementary analysis contrasting Object and Colour 306 decisions separately in the 1-back and 0-back conditions to confirm regions 307 important for stimulus-independent semantic decisions (see Supplementary Figure  308 1). This analysis showed that 1-back trials involving meaningful objects activated 309 regions including angular gyrus, middle temporal gyrus and right dorsolateral 310 connectivity with conjunction regions in the left hemisphere, include angular gyrus 319 and middle temporal gyrus. In the right hemisphere, all three maps include angular 320 gyrus and two also include dorsolateral cortex. Both of these right hemisphere 321 regions responded to a similar 1-back > 0-back contrast involving abstract shapes 322 (circle, triangle, square) in the study by Konishi and colleagues (2015) . The current 323 study therefore provides a replication of the key conclusion that these regions of the 324 DMN show activation when retrieving categorical information from memory, even 325 when the task is relatively hard. 326 divided the principle gradient into 20 equally sized bins. Next for each participant we 339 calculated the average signal in each bin for each condition of our task. The left hand 340 panel in Figure 6 presents these data plotted across the principle gradient separately 341 for each condition; the shaded bars represent the 95% confidence intervals. It can be 342 see that the conditions are most distinct towards the transmodal end, with the 343 highest values when participants made judgments about objects from memory. To 344 quantify these patterns, we compared their distribution using a 2 (stimulus Our experiment establishes that overlapping regions in the DMN are sensitive 364 to both perceptual decoupling (i.e., the requirement to make decisions based on 365 memory, as opposed to the immediate environment) and conceptual processing 366 (i.e., decisions based on semantic rather than perceptual information). We also 367 showed that these regions fell at the extreme end of a gradient from unimodal to 368 heteromodal cortex (Margulies et al., 2016) . Therefore, isolation from input appears 369 to be a critical feature shared by at least two manipulations that activate the DMN. features and modalities. Also, when cognition is driven by internal rather than 373 external representations, brain regions that have intrinsically weak connectivity with 374 unimodal input regions might play an important role, since memory retrieval can 375 create mental simulations that differ markedly from the external environment. 376
These findings have broad implications for the role of DMN in cognition, and also 377 contribute to our understanding of specific DMN regions, particularly angular gyrus 378 and lateral temporal lobe. We first consider the results in terms of their implications 379 for functional accounts of these regions. Secondly, we consider the macroscale 380 organisation of the cortex, focusing on approaches which can explain the functional 381 similarity of these distributed clusters and their relative position on the cortical 382
surface. 383
Functional implications for the angular gyri: There were stronger responses in 384 left and right angular gyri, as well as in left middle temporal gyrus, when conceptual 385 decisions were based on information that was no longer present in the environment. in reflexive attention to memory (Cabeza et al., 2011) . We did not obtain the same 405 findings for the colour condition, which required more similar colours to be matched 406 (e.g., two bright greens compared with a darker green), perhaps because these 407 stimuli did not activate pre-existing representations in memory. 408 unimodal responses, while more anterior regions integrate across these types of 434 input to support heteromodal conceptual processing. Secondly, there may be 435 integration from superior and inferior regions, implicated in auditory and visual 436 processing respectively, towards middle temporal gyrus, which shows a more 437 heteromodal response along the length of the temporal cortex. The site we observed 438 in the conjunction of semantic and perceptually-decoupled decisions in the current 439 study appears to correspond with the extreme heteromodal end of both of these 440 temporal lobe gradients. 441
Implications for the default mode network: We replicated prior 442 demonstrations that transmodal regions in the DMN are engaged when participants 443 make decisions that rely on information from memory rather than input from 444 perception, even though the 1-back task was more difficult than the 0-back task 445 Our study shows that right angular gyrus, within the DMN, and right dorsolateral 457 prefrontal cortex, a member of the frontoparietal network, activate together when 458 participants make judgments about meaningful objects from memory rather than 459 colours (see Supplementary Figure 1 ). Our functional connectivity analysis 460 demonstrates that these regions are correlated at rest. The right dorsolateral cluster 461 replicates the spatial distribution observed from the prior study by Konishi et al. 462 (2015) and overlaps with a region of greater grey matter associated with more 463 Simanova et al., 2014). Moreover, the two task contrasts -highlighting perceptual 491 decoupling and semantic decisions -might emphasise processes that utilise 492 heteromodal cortex, explaining their common recruitment. In line with this, a recent 493 study found that strong connectivity between subnetworks of the DMN predicted 494 poor performance on tasks that required encoding and retention of recently 495 presented information, but not poor retrieval of previously-encoded knowledge, 496 consistent with a failure to engage with the external world (Poerio et al., 2017) . 497
There are a number of limitations that should be borne in mind when 498
considering the results of this study. First, our comparison of semantic and colour 499 decisions allowed us to demonstrate a neural pattern associating conceptual 500 processing with stimulus independency. This comparison is too crude a manipulation 501 to determine which aspects of the semantic judgements gave rise to this response in 502 the DMN; for example, is it the richness of concepts such as Labrador or apple, their 503 heteromodal nature, the fact that they are acquired over a lifetime, and/or their 504 broad predictive value in the real world, which dissociates them from colours? 505
Future studies could probe different features of retrieval, such as whether the target 506 is a concrete or abstract concept, whether it has to be identified at a specific or 507 superordinate level, and whether there are differences according to the modality of 508 the representation being probed. Second, the nature of our design precludes the 509 ability to separate different aspects of memory retrieval engaged during 1-back 510 decisions. In our paradigm, these decisions require both the integration of 511 appropriate information from memory, as well as the inhibition of the non-probed 512 manipulating the featural overlap between the target and distractor in this 520 paradigm. Finally, although we showed that two aspects of cognition recruit 521 common regions in the DMN, and that this pattern can be recovered in a whole-522 brain gradient analysis, we did not recover a conjunction across the entire DMN, and 523 other tasks that activate DMN might elicit a peak response in other nodes of this 524 network. Our findings are consistent with the view that the DMN supports aspects of 525 cognition that require integration of, and isolation from, unimodal systems, yet since 526 each node of the DMN receives a different balance of local inputs, these regions 527 might differ to some extent in their relevance for any given task. 
